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ABSTRACT

Grasslands provide fundamental ecosystem services in many arid and semi-arid
regions of the world, but are experiencing rapid increases in fire activity making them
highly susceptible to post-fire accelerated soil erosion by wind. A quantitative assessment
that integrates fire-wind erosion feedbacks is therefore needed to account for vegetation
change, soil biogeochemical cycling, air quality, and landscape evolution. We investigated
the applicability of a novel tracer technique — the use of multiple rare earth elements (REE)
- to quantify aeolian soil erosion and to identify sources and sinks of wind-blown sediments
in a burned and unburned shrub-grass transition zone in the Chihuahuan desert, NM, USA.
Results indicate that the horizontal mass flux of wind-borne sediment increased
approximately three times following the fire. The REE-tracer analysis of aeolian sediments
shows that an average 88% of the horizontal mass flux in the control area was derived from
bare microsites, whereas at the burned site it was derived from shrub and bare microsites,
42% and 39% respectively. The vegetated microsites, which were predominantly sinks of
aeolian sediments in the unburned areas, became sediment sources following the fire. The
burned areas exhibited a spatial homogenization of sediment tracers, highlighting a
potential negative feedback on landscape heterogeneity induced by shrub encroachment
into grasslands. Though fires are known to increase aeolian sediment transport,
accompanying changes in the sources and sinks of wind-borne sediments likely influence
biogeochemical cycling and land degradation dynamics. Our experiment demonstrated that

REEs can be used as reliable tracers for field-scale aeolian studies.
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CHAPTER 1: INTRODUCTION

Population increase, over-exploitation of land and water resources, disturbances
such as fire, and climatic changes have rendered drylands worldwide highly susceptible to
land degradation, often referred to as “desertification” (Darkoh, 1998; D Odorico et al.,
2013). Considering the global significance of drylands on the world’s food security and
environmental quality (~40% of the Earth’s terrestrial surface, supporting a population
exceeding 2 billion), understanding the biophysical and human dimensions of land
degradation is critical (UNCCD, 1994; Millennium Ecosystem Assessment, 2005).
Accelerated soil erosion by hydrologic and aeolian processes is thought to be responsible
for more than 87% of degraded lands, and is often regarded as a cause and effect (positive
feedback loop) of desertification (Middleton and Thomas, 1997; Lal, 2001). Even though
water is by far the dominant soil erosion process globally, in dryland ecosystems soil
erosion by wind (aeolian abrasion and deflation) often becomes the dominant erosional

process (Breshears et al., 2003; Ravi et al., 2010Db).

Wind erosion and associated dust emissions play a fundamental role in many
ecological processes and provide important biogeochemical connectivity at scales ranging
from individual plants to the dynamics of global ecosystems (Okin and Gillette, 2001;
Burkhardt, 2010, Field et al., 2010). At the local scale, accelerated wind erosion results in
loss and redistribution of soil resources and mechanical injury to growing plants (Retta et
al., 2000; Van Pelt and Zobeck, 2007). The dust emissions have large-scale impacts and
affect human health, biogeochemical cycles, precipitation processes and climate (Field et
al., 2010; Ravi et al., 2011). Furthermore, increases in rates of wind erosion and dust

emissions resulting from increased aridity (climatic changes) may result in enhanced loss



of soil resources and a decline in vegetation cover (Munson et al., 2011; Ravi et al., 2011).
As vegetation exerts a dominant control on wind erosion, vegetation shifts (grass-shrub
transitions, exotic grass invasions) and disturbances to vegetation, such as wildfires, can
greatly enhance the transport and redistribution of soil resources by wind (Whicker et al.,

2002; Sankey et al., 2009,2013; Miller et al., 2012).

Grasslands and rangelands in arid and semi-arid regions of the world, which
provide fundamental ecosystem services, are undergoing rapid increases in fire activity and
are highly susceptible to post-fire accelerated soil erosion by wind (Bowman et al., 2009;
Sankey et al., 2009; Ravi et al., 2010a; Miller et al., 2012). A common form of land
degradation in drylands is the encroachment of woody plants into areas historically
dominated by grasses. This phenomenon is observed worldwide (North America, South
America, Africa, Asia, and Australia) and is often referred to as “shrub encroachment”
(Schlesinger et al., 1990; Ravi et al., 2009a, b). Several studies have investigated the
ecohydrological and biogeochemical implications of this transformative ecosystem change
(Huxman et al., 2005; Li et al., 2007, 2008; Turnbull et al., 2012). Shrub encroachment is
thought to contribute to land degradation by increasing the amount of bare soil, which can
be eroded by wind (Okin and Gillette, 2001; Gillette and Pitchford, 2004) and allows for
soil nutrients to be stripped from unvegetated areas and partially redistributed via canopy
trapping onto shrub patches (Schlesinger et al., 1990; Li et al., 2008). This creates a self-
sustaining cycle of erosion, depletion of soil nutrients, and loss of grass cover (Archer et
al., 1995). The loss of grasses decreases the pressure of fires on shrub vegetation thereby
further enhancing woody plant encroachment. The resulting landscape is characterized by

hydrologically and nutritionally enhanced shrub islands (or “islands of fertility””), which



are sediment sinks, and nutrient depleted bare interspaces that act as sediment sources

(Schlesinger et al., 1990).

Fires are common in many shrub-grass transition systems, and important feedbacks
are known to exist among wind erosion, vegetation change, and fires, in the context of land
degradation (Li et al., 2007, 2008; Sankey et al., 2009, 2012b; Ravi et al., 2010a). In the
grass-shrub ecotones of the Chihuahuan desert in the Southwestern US recent studies have
demonstrated that by altering soil erosion processes at the early stages of shrub
encroachment, fires can play an important role in the local-scale redistribution of soil
resources within the landscape (Ravi et al., 2010a; Sankey et al., 2012a; Van Pelt et al.,
2017b). On low-relief surfaces, fires can induce rapid changes in soil surface
characteristics, remove vegetation cover, and increase erosion and nutrient redistribution
(Paysen et al., 2000; Whicker et al., 2002; Ravi et al., 2009a, 2010a). Furthermore, burning
of vegetative biomass at the surface can induce soil hydrophobicity, which has been shown
to enhance post-fire soil erosion by decreasing the interparticle forces due to moisture in
soils (DeBano, 1966; Ravi et al., 2006, 2007). Recent studies using wind tunnels and small-
scale field experiments have qualitatively demonstrated that in shrublands and shrub-grass
transition zones fires can enhance soil erosion under shrub vegetated microsites and result
in some level of resource redistribution to the interspaces (White et al., 2006; Ravi et al.,
2009a; Sankey et al., 2012a,b,c). Even though this fire-erosion feedback has the potential
to homogenize the landscape (Sankey et al., 2010, 20123, b), the actual extent of post-fire
soil redistribution and homogenization is poorly understood. This is a critical research gap,
as quantifying the post-fire redistribution and loss of soil resources is important in

evaluating the benefits of using prescribed fires as a tool for grassland habitat management.



A quantitative assessment that integrates fire-wind erosion feedbacks is therefore
urgently needed for understanding land degradation dynamics, vegetation change, soil
biogeochemical cycling, air quality, and landscape evolution. However, this quantification
is challenging, partly due to the lack of reliable tracer-based techniques to precisely
determine the rate of soil erosion and redistribution or to reconstruct the aeolian source-to-
sink routes. Several studies have used tracers, such as oxides of rare earth elements (REEs),
to quantify water erosion rates (Zhang et al., 2001; Polyakov et al., 2004; Zhu et al., 2011,
Guzmén et al., 2013). These studies showed that soil redistribution patterns, erosion and
aggregation, can be tracked with REE tracers (Zhang et al., 2001). However, studies on
quantifying wind erosion using REE traces are limited (e.g. Van Pelt et al., 2012, 2014,

2017h).

Preliminary studies on tracer applications for wind erosion have led to the
development of REE application protocols for tracking aeolian redistribution of surface
sediments at the plot scale using field wind tunnel studies (Van Pelt et al., 2012, 2014,
2017b). Here, we add to the existing studies by investigating the applicability of this tracer
technique — the novel use of multiple REE tracers to quantify field-scale soil erosion by
wind and to identify sources and sinks of wind-blown sediments in a fire affected, desert
shrub-grass ecotone. We hypothesize that vegetation microsites (shrub or grass patches),
which are sinks of aeolian sediments in arid landscapes, may act as enhanced sediment
sources following fires. This post-fire modification of sediment sources and sinks in the
landscape might impact rates of resource redistribution and soil patterning, therefore

leading to a more homogeneous landscape.



CHAPTER 2: BACKGROUND

2.1 Aeolian Transport

Aeolian processes, which include the erosion, transport and deposition of sediments
by wind, involve natural geomorphic and sedimentological mechanisms. However, rapid
and persistent shifts in climate, disturbances to vegetation cover, and anthropogenic
activities can greatly accelerate wind-borne sediment transport. The physical mechanisms
underlying wind erosion are well understood (Okin et al., 2006; Ravi et al., 2011; Kok et
al., 2012).

Bagnold (1941) defined the three distinct mechanisms of transport by wind as soil
creep (or occasional reptation), saltation, and suspension (Figure 1). These mechanisms are
largely controlled by grain size with large sand sized particles (>500 um) transported by
creep, smaller particles (20-500 um) by saltation, and silt and clay sized particles (<20 um)
transported by suspension and typically standardized for threshold near-surface wind
velocities of 5 m/s (Bagnold, 1941). These different mechanisms of sediment transport are
responsible for the redistribution of soil resources at different scales. For example, saltation
is the primary process that moves materials at the plant-interspace to field scales, whereas
suspension is responsible for the movement of fine material (dust) at regional to global
scales via the process of long-range transport (Okin et al., 2006). The two dimensions of
aeolian transport are the horizontal mass flux (HMF) (Q), the primary, local redistributor
of sediment mostly consisting of saltating and creeping particles (Larney et al., 1998), and
the vertical dust flux (Fe), which consists of small particles that have been suspended in air
currents. Suspended dust particles can be transported and deposited over large areas (Shao

etal., 1993; Swap et al., 1996).
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Figure 1. Aeolian transportation mechanisms due to soil size.

Wind erosion is initiated when the force of the wind exceeds the threshold shear
velocity (TSV) of the soil, the minimum velocity needed for erosion to occur. TSV is
affected by several factors including soil texture and moisture content, as well as
sheltering effects of vegetation. The TSV of soil is determined by a balance of forces -
aerodynamic and stabilizing forces - at the threshold point of entrainment (Figure 2).
Aerodynamic forces are made up of the drag force (Fq) and the lift force (Fi) (Shao,
2008). The stabilizing forces are composed of the normal force due to gravity (Fg) and
interparticle cohesive forces (Fi). Sediment particles are entrained and transported by
wind at a critical TSV where the aerodynamic forces exceed stabilizing forces.

Bagnold’s (1941) theoretical model predicts the TSV (ut) of dry, spherical

particles that are only affected by gravitational forces and aerodynamic drag:

ui =A /%gd 1)



where A is a dimensionless threshold parameter, ps is the particle density, pa is the
air density, g is gravitational acceleration, and d is the mean diameter of the particle
(Bagnold, 1941). However, Bagnold’s (1941) model breaks down for particles underneath
the critical grain size of 60 um where interparticle cohesive forces cause the soil TSV to
increase (lversen and White, 1982; Marticorena and Bergametti, 1995). Over the years
Bagnold’s (1941) model has been modified to accommodate the effect of interparticle
cohesive forces, soil moisture, and the sheltering effect of vegetation (Cornelis et al., 2004;

Ravi et al., 2006; Okin, 2008).
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Figure 2. These are the forces which act on a particle at the threshold shear velocity from
Ravi et al. (2011). O is the particle’s center of gravity, P is the pivot point of particle
entrainment, Fq is aerodynamic drag, Fi is the lift force, Fq is the force due to gravity, and
Fi represents interparticle cohesive forces.
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Figure 3. Depiction of the two interparticle forces due to water content (Ravi et al., 2011).
When the relative humidity is less than 65% (air-dry) the adsorption force dominates.
When the relative humidity is greater than 65% the liquid bridge dominates.

Soil moisture, through the interparticle cohesion forces created by soil water
retention, can add to stabilizing forces and change the TSV on short time scales (e.g.
diurnal) (Chepil, 1956; Shao, 2008; Ravi et al., 2011). Soil moisture can either form a
“liquid bridge” in soil particle interspaces or it can be adsorbed to the particle surfaces
(Figure 3) (Ravi et al., 2006). Soil texture and saturation govern which type of interparticle
cohesive force, a liquid bridge or an adsorbed layer, is dominant (Haines, 1925; Ravi et al.,
2011). In wet sandy soils the liquid bridge is the principle cohesive force, whereas wet
clayey soils tend to experience a greater cohesive force from an adsorbed layer (Haines,
1925). In air-dry soils the effect of texture is negligible and the adsorption force always
dominates (Haines, 1925).

Vegetation can act as a nonerodable roughness element which shelters soil by

lowering surface wind velocity (Stockton and Gillette, 1990; Ravi et al., 2011). Surfaces



with greater roughness tend to have significantly higher TSVs than that of smooth surfaces
(Gillette and Stockton, 1989). Thus, as the surface roughness provided by vegetation
increases so too does the sheltering effect it provides (Stockton and Gillette, 1990). If
vegetation were to be removed by disturbance mechanisms such as fire or grazing the TSV
would then decrease allowing for the entrainment and transport of soil particles (Stockton
and Gillette, 1990; Ravi et al., 2009a; Van Pelt et al., 2017a).

In dryland systems, the dominant controls over wind erosion are vegetation and soil
moisture. Vegetation cover lowers the momentum of wind at the soil surface sheltering it
from erosion (Stockton and Gillette, 1990), whereas soil moisture contributes to inter-
particle forces that increase the threshold velocity needed for entrainment and transport
(Chepil, 1956; Ravi et al., 2006). Thus vegetation shifts (grass-shrub transitions) and
disturbances (wildfires) can greatly accelerate the transport and redistribution of soil
resources by wind. A case in point is the grass-shrub ecotones in the Chihuhuan desert,
where interactions among aeolian processes, vegetation, and fires are thought to play a
major role in the rapid encroachment of shrubs and associated land degradation (D 'Odorico

etal., 2012).

2.2 Woody Plant Encroachment

The encroachment of woody plants into areas historically dominated by grasses,
which often coincides with land degradation processes, is observed in many dryland
systems worldwide (often referred to as “shrub encroachment”) and has ecological,
hydrologic, and biogeochemical consequences (Schlesinger et al., 1990; Huxman et al.,

2005; Ravi et al., 2009a) (Figure 4). Shrub encroachment has been observed in the desert



margins of North America, South America, Africa, Asia, and Australia (Ravi et al., 2009a)
(Figure 4). The encroachment process is attributed to a complex interaction among several
factors including warming, fire suppression, overgrazing, and increased atmospheric CO>
(Buffington and Herbel, 1965; Schlesinger et al., 1990; Gibbens et al., 2005). Shrub
encroachment is thought to contribute to land degradation by increasing the amount of bare
soil which can be eroded by wind (Gillette and Pitchford, 2004) and allows for soil
nutrients to be stripped from unvegetated areas and partially redeposited via canopy
trapping onto shrub patches (Schlesinger et al., 1990) (Figure 5). This creates a positive
feedback cycle of erosion, depletion of soil nutrients, and loss of grass cover (Archer et al.,
1995). The loss in grass fuel decreases the pressure of fires on shrub vegetation thereby
further enhancing woody plant encroachment. The resulting landscape is characterized by
nutrient-rich shrub “islands of fertility”, which are sediment sinks and nutrient-poor bare
interspaces that act as sediment sources (Schlesinger et al., 1990). Aeolian processes are
largely responsible for enhancing and maintaining shrub “islands of fertility” and
associated accelerated soil erosion is thought to be both a cause and effect of land
degradation (Ravi et al., 2009b). A majority of woody plant encroachment occurs in desert
margins which are highly susceptible to disturbances such as fires (Ravi et al., 2009a). Ravi
et al. (2009a) proposed that interactions between wind and fire, which removes shrubs,
may provide a feedback mechanism to woody plant encroachment by disrupting and
reversing the formation of the shrub “islands of fertility”.

A patchy mixture of bare soil microsites and vegetated microsites is common in
dryland ecosystems consisting of either shrubland or grassland (Ravi et al., 2011).

Grassland bare patches are mostly on the decimeter scale, whereas shrubland bare patches

10



can range up to a few meters (Nash et al., 2004). This patchiness is thought to be attributed
to competition for and the limitation of resources, specifically water (D Odorico et al.,
2006). A shift from grassland to shrubland, which is characterized by an increase in bare
patches, can be abrupt and irreversible as both ecosystems are the alternative attractors of
a bistable system (Westoby et al., 1989; Anderies et al., 2002; D ‘odorico et al., 2012, 2013).
Overall, this transition from a grassland to a shrubland produces an increase in bare soil
surface which can then be eroded, accelerating the land cover change (Schlesinger et al.,

1990; Huenneke et al., 2002).

Figure 4. This global map shows the locations of reported woody plant encroachment (blue
dots), regions of desert vegetation (yellow), fire affected areas (Red), and the regions in
which fire and desert vegetation overlap (orange) (Ravi et al., 2009a).

Figure 5. Sediment is preferentially eroded from bare and grass sites and deposited under
shrub sites via canopy trapping (Ravi et al., 2007).
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Infiltration, runoff, and evapotranspiration are three hydrologic processes
influenced by vegetation type and density (Dunne, 1978; Casenave and Valentin, 1992;
Huxman et al., 2005). Hortonian runoff, which occurs when the precipitation rate exceeds
the capacity for infiltration, is more common in semiarid regions with thin vegetation often
influenced by overgrazing, whereas saturation excess, which results from an excess of
water greater than that which can be stored in the soil, is dominant in regions with denser
vegetation and limited soil storage capacity (Horton, 1933; Dunne, 1978; Casenave and
Valentin, 1992). With the development of soil crusts and an increase in vegetation density
the runoff of a region also increases (Casenave and Valentin, 1992). Invasive woody plants
tend to have deeper roots which, depending on the location (riparian zone) and seasonality,
can lower the water table adjacent to streams and rivers thus reducing both baseflow and
discharge (Huxman et al., 2005). Woody plant encroachment, through an increase in bare
surface cover, may also increase the evaporation component of evapotranspiration
(Huxman et al., 2005). The impact of woody plant encroachment on the hydrologic cycle
is extensive and can influence processes of sediment transport. Feedback mechanisms for
woody plant encroachment need to be identified to develop best management practices for

impacted regions.

2.3 Fire in Dryland Landscapes

Many drylands are undergoing changes in fire regimes and increased fire frequency
as a result of climate change and human activities (Bowman et al., 2009). Grass-shrub
transition regions are affected by fire occurrences, as a sufficient amount of grass biomass

exists to carry the fires from the points of ignition to the surrounding vegetation. Under
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these conditions fires can alter the source-sink sediment dynamics in a grass-shrub system.
Recent studies have demonstrated that by altering soil erosion processes at the early stages
of shrub encroachment fire can play an important role in the local-scale redistribution of
soil resources within the landscape. On low-relief surfaces, fires can induce rapid changes
in soil surface characteristics (Paysen et al., 2000; Ravi et al., 2009a), remove vegetation
cover, and produce an increase in erosion and nutrient redistribution (Whicker et al., 2002;
Ravi et al., 2009a). Further, burning of vegetative biomass at the surface can induce soil
water-repellency (or soil hydrophobicity) which has been shown to enhance post-fire soil
erosion by decreasing the interparticle forces due to moisture in soils (Ravi et al., 2006,
2007).

Fire volatilizes organic compounds in vegetation causing, through a strong
temperature gradient, the volatilized gasses to be pulled down into the soil column where
they condense on the surface of soil particles making them hydrophobic (DeBano, 2000).
Fire related hydrophobicity, by increasing the contact angle of the air/water interface above
90°, causes a positive capillary pressure allowing water to rest at the soil surface rather
than be drawn down (Letey, 2001). These mechanisms have been linked to decreases in
infiltration and increases in runoff which can in turn impact erosion and the redistribution
of water and nutrients (Krammes and DeBano, 1965; Schlesinger et al., 1990; Ravi et al.,
2007).

Overall, disturbances, such as natural and anthropogenic fires, can greatly
accelerate the rate of soil erosion in drylands by altering vegetation cover and soil
hydrologic properties. The post-fire aeolian transport of sediments is thought to be a

significant driver of nutrient and contaminant export from these systems. In landscapes
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undergoing rapid vegetation shifts, as in the grasslands of Chihuahuan desert, the fire-
erosion feedback can alter the source-sink dynamics and sediment fluxes from these
systems. Recent studies using wind tunnels and small-scale field experiments have
qualitatively demonstrated that in shrub-grass transition zones fires can enhance soil
erosion under shrub vegetated microsites and result in some level of resource redistribution
to the interspaces (Ravi et al., 2009a). Even though this fire-erosion feedback has the
potential to homogenize the landscape, the actual extent of post-fire soil redistribution and
homogenization is poorly understood and a quantitative understanding of rates of post-fire

aeolian sediment transport is still missing due to the lack of reliable field techniques.

2.4 Rare Earth Element Tracers

The REE group or lanthanides is made up of 15 elements with the atomic numbers
57 to 71. REEs can be further broken into two separate groups based on atomic weight: the
light REEs (atomic number 57 — 64) and the heavy REEs (64 — 71) (Van Gosen et al.,
2014). REEs do not tend to concentrate in ore bodies except in uncommon rock types, but
they can be regularly found in soils at concentrations in the tens of parts per million with
the even periodic numbered REEs being more abundant than the odd (Markert, 1987).
REEs have a low environmental toxicity, low mobility in alkaline soils, and bind strongly
to soil particles (Wyttenbach et al., 1998; Land et al., 1999; Zhang et al., 2001). These
properties make REEs ideal as tracers for sediment transport studies.

REEs (added to the soil) have been extensively tested for their tracing abilities for
hydraulically transported sediment in both the lab and in the field (Zhang et al., 2001, 2003;

Polyakov and Nearing, 2004; Polyakov et al., 2004; Kimoto et al., 2006; Deasy and
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Quinton, 2010). Zhang et al. (2001) developed a quick acid-leaching method to quantify
REE concentration in soil and, through a series of lab experiments in which REE treated
silt loam was leached with deionized water, demonstrated that REEs bind strongly to the
soil surface and their use as tracers in the field is feasible. Polyakov and Nearing (2004)
showed, through a combination of laser based digital elevation models (DEMs) and
multiple REE tracers, that differential erosion and deposition of sediment on hillslopes can
be quantified. Deasy and Quinton (2010) successfully used multiple REE tracers in a field
setting where they identified sources and sinks of sediment on an agricultural hillslope
following rain events. Deasy and Quinton (2010) also developed a non-intrusive spray-
application method for REEs (REEs suspended in water) which is in contrast with other
methods which physically mixed REEs with the soil particles disturbing the soil surface.
Recent studies have begun to assess REEs as tracers for aeolian transport (Van Pelt
etal., 2012, 2014, 2017b). Van Pelt et al. (2014) developed protocols to apply REE tracers
to the top 2 cm of the soil without disturbing the soil surface or vegetation. Van Pelt et al.’s
(2014) method is similar to that of Deasy and Quinton (2010), however, it involves the use
of nitric acid to dissolve the REEs rather than suspend the REE oxide particles in water.
The multi-REE application and tracer method was shown to be successful in wind tunnel
experiments (Van Pelt et al., 2014). A single REE tracer field experiment (under stable
conditions) was later shown to be a reliable method for tracking aeolian transport.
However, field applications of multi-REE tracer techniques under disturbance conditions

such as fire have never been assessed before.
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CHAPTER 3: OBJECTIVES AND HYPOTHESIS

The encroachment of woody vegetation into historically grass dominated areas,
through increases in aeolian sediment fluxes and landscape heterogeneity, is thought to be
a positive feedback loop in a bistable system (Schlesinger et al., 1990; Ravi et al., 2009b;
D’Odorico et al., 2013). Accelerated soil erosion, which can be caused by woody plant
encroachment, is considered a cause and an effect of desertification (Schlesinger et al.,
1990; Darkoh, 1998). Changes in land cover, specifically an increase in bare area
associated with the grass-shrub transition, reduce aerodynamic roughness at the soil surface
and thus decrease the TSV and increase aeolian transport (Stockton and Gillette, 1990; Ravi
et al., 2009a; Van Pelt et al., 2017a). The transition between a grassland and a shrubland
is assisted by anthropogenic influences such as overgrazing and fire suppression
(Schlesinger et al., 1990; Darkoh, 1998). Whereas wildfires are known to greatly increase
aeolian sediment fluxes through removal of vegetation and reduction of moisture-bonding
forces in soil, they may provide an important feedback mechanism to woody plant
encroachment by inducing sediment redistribution and landscape homogeneity (Whicker et
al., 2002; Ravi et al.,, 2009a; Sankey et al., 2009). However, post-fire sediment
redistribution by aeolian transport is poorly quantified. REEs could act as a useful tracing
tool to quantify sediment transport and redistribution from multiple land cover types in a

shrub grass transition zone.

3.1 Hypotheses

1) Rare earth elements can be used as reliable tracers to track and quantify sediment
transport and redistribution by wind.
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2) Vegetated microsites, which are generally aeolian sediment sinks within a shrub-

grass transition zone, will become active sediment sources post-fire.

3.2 Objectives

1. Toquantify the post-fire erosion and dust emissions in a shrub-grass transition
zone in the southwestern United States.
Replicated field experiments will be conducted in burned and unburned areas to
quantify the aeolian transport and redistribution of sediments.

2. To test the applicability of REE oxides as tracers to quantify wind erosion and
redistribution.
REE tracers will be applied in replicate to vegetated and unvegetated microsites in
burned and unburned areas. To quantify the loss and redistribution of sediments as
well as to identify sediment sources and sinks, extensive soil sampling will be

conducted annually and soil REE concentrations will be analyzed in the laboratory.

3. To observe the effects of fire on wind shear and soil moisture properties.
Meteorological towers within the burned and control plots measure soil moisture
underneath different land cover types and the wind speed from four different

heights.

To address these objectives and hypotheses, I investigated the applicability of REE
tracer technique to quantify field-scale soil erosion by wind and to identify sources and
sinks of wind-blown sediments in a fire affected, desert grassland ecosystem in the
Chihuahaun desert of New Mexico. The overall goal is to quantify a field-scale eco-
geomorphic (vegetation — fire — erosion) feedback in this shrub-grass ecotone to better

understand the complexity of land degradation dynamics.
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CHAPTER 4: METHODS

4.1 Study Site

Field experiments were conducted at the Sevilleta National Wildlife Refuge
(SNWR) in the northern Chihuahuan Desert approximately 80 km south of Albuquerque,
NM (Figure 6). The shrub-grass transition zone is a heterogeneous landscape with a mosaic
of mostly black grama grass (Bouteloua eriopoda Torr.) and creosote shrub (Larrea
tridentata (DC.) Cov.) with bare soil interspaces. The land cover in the study area (lat/long:
34.33061916071648, -106.7207788921361) is typical of desert grassland, with ~70-75%
grass cover, 20-30% bare interspaces, and a very low density (5-10%) of shrubs (Baez and
Collins, 2008). In the field site, grasses provide enough connectivity among shrub patches
to allow the spread of fire in the presence of strong winds (Ravi et al., 2009a). The windy
season in this area is from February to May and the prevailing wind is from the southwest
(Ravi et al., 2009a). Most summer precipitation occurs between June — October, during the
North American monsoon (Higgins et al., 1997). The soil in the study area is primarily

sandy loam (Johnson, 1988).
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Figure 6. Major biomes of New Mexico. This map was made with data from the New
Mexico Resource Geographic Information System.

4.2 Experimental Setup

The experimental site consisted of two 100 x 100 m monitoring areas, one control
(unburned) and one burned, which are 250 m apart (Figure 7a). The areas were established
at the beginning of the windy season in March 2016 and are characterized by similar soil
texture, vegetation and topography. In each monitoring area we established three 30 x 10

m replicate plots (50 m apart) oriented perpendicular to the predominant wind direction
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(240°). Line transects were performed to ensure that each plot encompassed the
heterogeneity of the landscape (shrub, grass, and bare microsites). In the middle of each of
the replicated plots, a 5 x 5 m sampling area was established to conduct the REE-tracer
application study. A prescribed fire was conducted in one of the monitoring areas, and was

confined inside the area (Figure 7b).
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Figure 7. (a) The prescribed fire at the shrub-grass transition zone in Sevilleta National
Wildlife Refuge, NM. (b) The burned area with one replicate plot showing the experimental
set- up and instrumentation in the field. Photo by Sujith Ravi.

21



Two identical meteorological towers (Campbell Scientific Instrumentation Tripod
CM106) were installed in the burned and control area (Figure 7a). Each solar powered
(Campbell Scientific 50 W Solar Panel SP50-L) tower was equipped with a data logger
(Campbell Scientific Measurment and Control Datalogger CR1000), and sensors to
measure wind speed (Campbell Scientific Wind Sentry Anemometer 03101-L), direction
(Campbell Scientific Wind Sentry Set 03002-L), relative humidity, and air temperature
(Campbell Scientific Temperature/RH Probe CS215-L). A wireless data acquisition system
allowed data to be downloaded remotely. The wind speeds were measured at 4 different
heights (arranged exponentially; 0.5, 1.0, 2.0, and 4.0 m). Meteorological variables were
sampled every second and averaged over 5 minute intervals. Soil moisture sensors
(Campbell Scientific, 12 cm Soil Water Content Reflectometer, CS655) were installed 5
cm below the soil surface in each site — one in each of the shrub, grass, and bare soil

microsites in both the burned and control treatments for a total of six sensors.

4.3 Wind Erosion Monitoring

The shear velocity (u”) of the wind at the soil surface is determined using the log

wind law:

z—d

. 2)

u(z) = :—;ln

where u(z) is the wind velocity at verious heights, z, d is the zero plane
displacement determined by multiplying 0.7 times the height of the larger roughness
elements (shrubs), zm is the momentum roughness parameter, and 0.4 is the von Karman
constant (Campbell and Norman, 1998; Cornelis, 2006). The wind velocities from four
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different heights (0.5, 1, 2, and 4 m) in control and burned areas are plotted as a function
of the natural log of those height, In(z-d). A zero plane displacement value of 0.43 is used
for the control plots representing the 0.7 times the height of the shrubs (0.62 m). A
displacement of 0.0 was used for the burned calculations. A line is fit to the data and the
slope of this line, m = (u™/0.4), is then multiplied by the von Karman constant (0.4) to yield
the shear velocity (Campbell and Norman, 1998). Zn, is determined by taking the exponent

of the negative intercept divided by the slope.

Figure 8. The Modified Wilson and Cooke sedimnt sar i used to estimate the
horizontal mass flux of aeolian sediment. Samplers are nominally arranged at four different
heights, 0.1, 0.25, 0.5, and 1.0 m.
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The horizontal mass flux, the major process responsible for soil redistribution by
wind, of each monitoring area was quantified using two MWAC (Modified Wilson and
Cooke) sediment samplers (isokinetic sediment collectors) per replicate, which were
placed at the downwind side of each of the 5 m x 5 m sampling area. The custom-made
MWAC sampling systems consist of an array of samplers mounted at four different heights

(nominally 0.1, 0.25, 0.5, 1.0 m) attached to pivoting wind vane (Figure 8).

The time-averaged horizontal mass movement, g(z), was calculated by dividing the
mass of sediment collected in the samplers by the collection interval and the area of the
MWAC sampler inlet (2.34 x 10 m?). The q(z) results were fit to the widely used empirical

formula developed by Shao et al. (1993).
q(z) = Ce(azz+bz) ©)

where z is the height from the ground to the center of the dust sampler inlet and a,
b, and c are fitting constants. The total horizontal mass flux (HMF), Q, was calculated by

integrating q(z) from the ground surface to a height of 1 m.

Q=] q(z)dz @)

The Vertical dust flux (VDF), Fe, is linearly related to the total HMF by a soil

specific constant, k (m™) (Shao et al., 1993; Gillette et al., 1997):
Fe = kQ ()

where k, which typically ranges between 10° m™ to 10° m?, is determined
empirically through an equation developed by Marticorena and Bergametti (1995) (where

k isincm™):
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log(k) = 0.134(%clay) — 6 (6)

The percent clay was determined for each cover type using a laser diffraction
particle size analyzer (Beckman Coulter LS 13 320). Because the clay fraction varied
between microsite types, the total percent clay for the land surface was derived using the
relative area of each microsite type (shrub, grass, and bare), determined by the line transect

method.

We estimated the changes in threshold shear velocity (TSV) following fire to
examine similarities and differences in sediment supply and erodibility amongst treatment
areas (burned and control), and microsites using a recent empirical method developed by
Li et al. (2010). In this method, to create an empirical equation, the log transformed TSV
was related to the resistance of the soil surface to disturbances created by a penetrometer
and the disturbance area of a projectile shot by an air gun into the soil surface (Figure 9a,
b) (Li et al., 2010). A spherical copper projectile (4.5 mm diameter) was fired from a
Crosman Pumpmaster 760 air gun (3 pumps) at the soil surface from an angle of 45° and
a height of 25 cm (Figure 9a). This was repeated 10 times in each microsite type of each
treatment area, burned and control. The dimensions (maximum diameter and the
perpendicular line distance) of the impact disturbance were measured along the long and
short axes (Figure 9c). A pocket penetrometer was used to measure the resistance of the

soil to compressional force at 45° (Figure 9b). The resulting empirical TSV equation is:

=0.0781+4

(1.90654*P)+( 100

. el )+(4.0954)]+10

Uy =

(7)

100

where u; is the TSV, P is the resistance given by the penetrometer, and A is the

area of the surface disturbance caused by the projectile (Li et al., 2010). This method is
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easy to apply, allows repeated measurements of TSVs, and therefore captures the spatial
and temporal patterns of wind erosion potential on the soil surface post-fire. This method
has been successfully applied in many locations around the U.S., including the desert

grassland of southern New Mexico (Li et al., 2010).

e e "we-r‘t"? =l
e = —

Figure 9. (a) A 4.5 mm dlameter copper sphere is fired at 45° apprOX|mater 25 cm from
the soil surface. (b) A penetrometer is applied to the soil surface at a 45° angle to gauge
the surface resistance to disturbance. (c) This is the typical shape of a disturbance created
by the air gun. The long and short diameter are measured and used to calculate the
disturbance area.

4.4 Soil Analysis

Prior to REE application the soil from each microsite type, shrub, grass, and bare,
was assessed for its mineralogy, background concentration of REEs, and its grain size
distribution. The mineralogy analysis was carried out using X-Ray diffraction (XRD)
methods. The samples were ground to less than 2 um using a mortar and pestle then run
through the XRD (Bruker D8 Advance) with a 20 range of 6-71°, a step size of 0.02°, and
a step time of 76.80 s. The particle size analysis was conducted using a Beckman Coulter
LS 13 320 laser diffraction particle size analyzer and the background REE concentrations
were obtained using Inductively Coupled Plasma Optical Emissions Spectrometry (ICP-

OES) (Thermo Scientific™ iCAP™ 7200 Series). To prepare samples for ICP analysis
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samples were partly digested using the US EPA Method 3051 A (US EPA, 2007) in a

microwave digester (CEM Mars 6 — Microwave Digestion System).

4.5 Rare Earth Element Tracers

For this study, we implement the REE application protocols for wind erosion
developed by Van Pelt et al. (2012, 2014, 2017b). Holmium oxide (H0203), Ytterbium
oxide (Yb203), and Europium oxide (Eu.Oz) were applied on shrub, bare, and grass
microsites respectively. The choice of REE oxides was determined by their low
background concentrations in the soil, availability, and price. A calculated mass of each
REE oxide was dissolved in nitric acid (3 N), diluted with deionized water, and then
sprayed onto microsites using a calibrated sprayer to insure a uniform concentration (Van
Peltetal., 2012, 2014). The volume sprayed was calculated using the area of each microsite
in order for the tracer to penetrate the top 2 cm of the soil profile (Van Pelt et al., 2014).

The spiked target concentration was 500 times that of the background concentration.

To determine the background and spiked REE tracer concentrations, 50 randomly
distributed samples (10 g each) were taken from the top 2 cm of soil in each (5x5 m)
sampling area before REE application at the beginning of the windy season (March) and
after REE oxide application. Samples were taken from the surface of bare microsites and
from the pedestal of shrub and grass microsites. Sediment samples were collected 90 days
later after the windy season (June), to assess the depletion and enrichment of REEs at the

different microsites. The Kruskal-Wallis statistical test (NCSS 11, 2016) was conducted
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for each REE tracer in each microsite type. This test compared the spiked time zero

concentrations to the burned and the control plot concentrations 90 days later.

A minimum of 15 samples from each of the three replicated plots (post-windy
season) within the two treatment areas (burned and control) were analyzed for the
concentration of REEs. Of the analyzed burned treatment samples 32 were from bare sites,
15 were from grass, and 16 were from shrub microsites. From the control area 57 bare, 14
grass, and 10 shrub samples were analyzed. Due to the limited mass of sediment (2g
needed) collected by the control area MWACs 4 samples were analyzed whereas a total of

8 samples were analyzed from the burned area MWACs.

REE concentrations were measured using ICP-OES (Thermo Scientific™ iCAP™
7200 Series). For this analysis, REEs were leached from the sand and silt-size fraction of
soil samples using microwave digestion in concentrated HNOs-HCI (3:1) solution
following the US EPA Method 3051A (US EPA, 2007). Soil samples (2.0 g) were placed
in microwave digestion tubes followed by 9 mL trace-metal-grade concentrated HNO3 and
3 mL concentrated HCI. The samples were allowed to predigest overnight. The microwave
digestion process was conducted at 175°C for 30 minutes then cooled to room temperature.
The digested samples were filtered through No. 5 Whatman filter papers and vacuum
filtered through 0.45 um membranes. The filtered samples were diluted to 50 mL for ICP-

OES analysis.

In order to create ternary mixing diagrams, the background REE concentrations
were subtracted from the sample REE concentrations and normalized to the average spiked

concentration minus the background. Individual normalized sample concentrations were
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then divided by the sum of all normalized concentrations, yielding the percent or each REE

component.
(Csi — Cgi)/(Ca; — Cgi) (8)
(Csi—CpBi)/(Cai—Cgi)
— 9
S ©)

Cai—Cpi

where Csi is the concentration of the i tracer in sediment samples, Cgi is the
background concentration of the i"" tracer, and Cai is the initial spiked concentration of the

i tracer applied to the soil surface.
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CHAPTER 5: RESULTS

Grain-size analysis using the laser diffraction particle size analyzer showed
variations in grainsize between each microsite type (Table 1). When sieved, excluding
particles greater than 2 mm, the bare sites (9.93% clay, 30.24% silt, and 59.82% sand)
contained the greatest portion of fine sediment, whereas shrub sites (3.38% clay, 17.21%
silt, and 79.40% sand) contained the coarsest. The particle size distributions appear to be
bimodal for all three cover types with bare site peaks at 101 and 510 um, grass peaks at
105 and 525 um, and shrub peaks at 128 and 624 pum (Figure 10). Thus, both bimodal peaks
become coarser from bare to shrub sites. Bare sites contained more gravel than the other
sites. XRD analysis reveals that the soil is primarily made up of quartz, orthoclase, albite,

and calcite (Figure 11).

Table 1. The percent distribution of particle sizes within the three different micro sites.

Average Clay %

Average Silt %

Average Sand %

Bare 9.93 30.24 59.82
Grass 4.16 23.08 72.75
Shrub 3.38 17.22 79.40
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Using the Kruskal-Wallis test with a 95% confidence limit, the average daily soil
volumetric water content (VWC, m® m™3) shows significant differences between microsites
in both the burned and control treatment areas (Figure 12). Bare microsites in both
treatment types have VWCs that are not significantly different. However, in both cases,
burned and control, bare microsites differ from the vegetated site, shrub and grass. Burned
grasses have the highest VWC of their treatment type whereas the control plot grasses have
the lowest VWC with control grass VWCs lower than that of the burned. Burned grasses
are not significantly different than control shrubs. Burned shrubs have the lowest overall
VWC with a mean close to zero. The shrub sites in the control plot have the highest of all

the VWCs.

The trends in VWC through time (averaged over 1 min) differ between the burned
plot and the control (Figures 13 and 14). Five peaks showing increases in the VWC are
associated with precipitation events on 4/8/16 (6.60 mm), 4/12/16 (4.06 mm), 5/1/16 (1.02
mm), 5/18/16 (7.62 mm), and 5/31/16 (0.25 mm) (Figures 13 and 14). VWC decreases
during the day and increases at night, resulting the small scale saw-tooth pattern in figures
13 and 14. The control plot grass and bare site VWC reacts similarly to precipitation
showing a sharp increase following the event and a subsequent gradual decline. Shrubs,
however, exhibit a distinct lag in the maximum VWC following precipitation events and a
gradual decline in soil moisture. The control grass VWC is always less than that of the
bare. Contrasting with the control area, burned plot grasses have the highest VWC above
that of the bare, though their peaks show similar trends. Burned shrub sites have the lowest

VWC, often at zero. The VWC lag, which was observed in control shrubs is no longer
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present following the fire. Furthermore, burned shrubs never reach the same VWC as grass

or bare spaces even following precipitation events.
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Figure 12. Notched box plots of VWC from the burned (red) and the control (green)
Outliers are represented with red (burned) and blue (control) dots. Significant differences
were established thorough the Kruskal-Wallis test with a 95% confidence limit.
Significantly different groups are denoted with the alphabetical symbols A, B, C, and D.
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The wind velocity observed at four different heights in both treatment areas
decreases as it approaches the soil surface (Figure 15). The wind velocities for the burned
area are higher than that of the control at a height < 0.5 m. The difference in wind speed
between the two treatment areas (burned > control) becomes significant (using the Kruskal-
Wallis test with a 95% confidence limit) closer to the soil surface indicating that the shear
velocity at the soil surface must be higher in the burned area than it is in the control. When
the daily surface shear velocity of the wind was modeled between the two treatment types
the burned surface shear (0.2947 + 0.0694 m s1) was significantly greater (t-test, 95%

confidence limit) than that of the control area (0.1683 + 0.0433 m s) (Figure 16).

10 = Burned
= Control
g - [ °
[ ]

Wind Velocity (m s)
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p=]
ar
4
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BEx
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0.5I m 1.0I m 2.6 m 4.6 m
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Figure 15. Notched box plots show the daily average wind speed at varying heights in the
burned and control areas over a period of 90 days. The burned areas are denoted in red
while the control are denoted in green. The blue and red points represent outliers and the
letters A, B, C, and D show significant and no significant difference. Burned area wind
speeds are consistently greater than control area wind speeds. The difference becomes
significant at 0.5 m.
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Figure 16. Notched box plots of the surface wind shear (U) in both the burned and the

control plot. Both were found to differ significantly using a T-test with a 95% confidence
limit. The red points represent outliers.

The average total HMF (Q) in the control and burned plots were 27.1 £ 2.4 and 75.3
+55.0 gm*d respectively (Figure 17a). The burned plot average was approximately three
times greater than that of the control plot. Kruskal-Wallis One-way ANOVA on Ranks
results indicate that the average total HMF was significantly different between the control
and burned plots (p<0.05) (Figure 17a). The k constant used to determine the VDF was
found to be 4.07%10* + 8.23*10° m™. The VDF (F.), propagating the uncertainty, was
found to be 1.10*102 + 2.43*10° and 3.07*1072 + 2.33*102 gm™d™* for the control and

bare respectively (Table 2). The VDF also increases approximately three times.

The TSVs (uy) estimated from the surface resistance indicate that the microsites

differed significantly between the shrub (0.40 + 0.13 m s}), grass (0.61 + 0.11 m s%), and
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bare soil (0.63 + 0.11 m s™) microsites based on One-way ANOVA (F=22.96, p<0.001)
(Figure 17b, Table 3). The TSV (u) values decreased significantly after the prescribed fire
for the shrub (0.20 + 0.08 m s™) and grass (0.41 + 0.14 m s) microsites, and remain
unchanged for bare (0.62 + 0.08 m s) soil based on the Kruskal-Wallis Multiple-

Comparison Z-Value Test at a 95% confidence limit (Figure 17D).

Table 2. The horizontal mass flux from both the treatment areas (burned and control) as
well as the vertical dust flux derived from the percent clay content in the soil.

HMF (gmd?) VDF (gm=2d?)
Control 27.1+24 1.10*1072 +
2.43*10°3
Burned 75.3 + 55 3.07*102 +
2.33%10?
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Figure 17. (a) The derived total HMF (Q) from MWAC sediment samplers in the control
and burned plots show an average of 27.1 + 2.4 and 75.3 + 55.0 g m™ day respectively.
The control and burned flux are significantly different as shown by the box plots and the
Kruskal-Wallis One-Way ANOVA on Ranks statistical test. Significant difference is
denoted by the A and B symbols. The red point represents an outlier. (b) The TSV (ut) of
bare, grass, and shrub sites was derived using measured surface resistances. Grass and
shrub TSVs (u~) decreased significantly following fire and bare sites remained constant as
shown by Kruskal-Wallis Multiple Comparison Z-Value test at a 95% confidence limit.
Significant differences are indicated by the differing symbols, C, D, and E. Red points are
outliers assuming a normal distribution.
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The background concentrations of individual REEs range from 15.4 to 0.272 ppm
(Table 18). The Oddo-Harkins effect, where even atomic number elements are more
abundant than odd, can be seen in the heavy REEs (Figure 18). Our original goal was to
spike the concentration of REE in the soil approximately 500 times that of the background
concentration. Because the lighter REEs such as La and Ce, are more abundant than the
heavier REEs, selected heavy REEs as tracers for our study. Eu, Yb, and Ho were chosen
because of their low concentration and relatively low price. When the REEs were applied
to the soil the spiked concentrations reached over 100 times the background concentration
(Figure 19).

Rare Earth Element Background Concentrations

18
16
14
12

10

Concentration (ppm)

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
REE

Figure 18. The mean background concentration of REES in the soil for each microsite

type. The light REEs are much more abundant than the heavier REEs. Eu, Ho, and Yb
were chosen as tracers because of this.
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Table 4. The average background concentrations of REEs in Sevilleta soil.

REE Background
Concentration (ppm)
La 8.825131312
Ce 15.35877843
Pr 6.104515156
Nd 5.749543425
Sm 0.748535919
Eu 0.256657441
Gd 1.240983522
Th 0.280972857
Dy 2.20453374
Ho 0.271828221
Er 1.577826809
Tm 0.316033166
YDb 1.12547965
Lu 0.277695135
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North American Shale Composite Normalized Background
and Spiked Concentrations
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REE
Figure 19. The shale normalized (NASC) spiked REE concentrations as well as the

background REE concentrations (Gromet et al.,1984). The graph is plotted on a log scale.
Each of the spiked REEs is greater than 100 times the background concentration.

After the windy season, the proportions of the REEs differed greatly between the
control and the burned plots (Figures 20 and 21). Control plots exhibited a mixture of
tracers from bare sites in the vegetated microsites (shrub and grass) (Figure 20); both grass
and shrub microsites were enriched with Yb, the tracer initially applied on the bare
interspaces. The sediments from the MWAC samplers in the control area plots contained
high proportions of the bare microsite tracer (Yb; mean = 88.5 + 1.7%), compared to those
in the burned area plots (Yb; mean = 39.1 + 9.3%) (Figures 20 and 21). In the control plots,
there was no significant enrichment of bare sites with tracers initially applied to the
vegetated sites (ie., Ho and Eu) and no exchange of Ho and Eu tracers occurred between
the shrub and grass microsites (Figures 22, 23, 24). The burned site showed more mixing
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than the control, suggesting interaction between all three microsite types (Figure 21). The
sediments from the MWAC samplers in the burned area showed a mixture between shrub
(Ho) and bare (Yb) microsite tracers, 42.3 + 13.8% and 39.1 + 9.3% respectively. Grass

microsites were more enriched with shrub tracer than vice versa (Figure 25).

The bare tracer (Yb) in the bare microsites showed no significant difference
between the spiked, control, and burned plots at the 95% confidence level (Figure 22a),
whereas the REE tracers applied under vegetation, Eu and Ho, in bare microsites
experienced a significant increase in the burned plots compared to the spiked and the
control (Figures 22b, 22¢). The grass microsites demonstrated: a significant increase in Yb
tracer, applied to bare interspaces initially, in both the control and burned plots (Figure
23a); no significant grass tracer (Eu) difference between the spiked, control, and burned
plots (Figure 23b); and a significant increase in shrub tracer (Ho) in burned plots compared
to the control and spiked concentrations (Figure 23c). Shrub microsites followed a similar
pattern to the grasses with a significant increase in bare tracer (Yb) concentrations in both
the burned and the control plots (Figure 24a). In addition, a significant increase in grass
tracer (Eu) in the shrub sites of the burned plot was observed (Figure 24b), but no
significant difference existed in the concentration of shrub tracer (Ho) in shrub sites (Figure

24c).

45



Control
Grass (Eu)

© Bare samples
© Grass samples
© Shrub samples
@ Spiked samples
80 A MWAC samples

£ A,
/ v
)
) \
X K
3 ’
.
/
A
y
3
2
/
VAN
\
/ \
! \
3
< h
\ /’
hY ’
/
\
S
Vi
SN
/
; \
\
/
\
N LY
X
\N 4
N ,/
\
\ s
\
/
A
VAN
AN
/l hY
/ \\
y y
Y iy
FAN P
\ /
A ,‘
o,
N
oY

(Yb)Bare 10 20 30 40 60 70 80 90 Shrub(Ho)

Figure 20. A ternary plot of control area weight percent element composition normalized
to the spiked REE concentrations (equation 9) shows mixing between three end members;
bare (YD), grass (Eu), and shrub (Ho). Red dots at or near the vertices indicate that the
initial spiked concentrations of these REE are more than 100 times background values at
time zero. Orange dots display the composition of bare samples after 90 days, green dots
are grass samples (90 days), light blue dots are shrub samples (90 days), and the dark blue
triangles show the composition of sediment taken from the MWAC samplers. The data
points which plot along or near the bare-shrub and bare-grass axes and the dark blue
triangles which plot in the bare corner indicate that the main sediment source is from bare
patches and there is limited sediment mixing between the shrub and grass sites.
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Figure 21. A ternary plot of burned area weight percent element composition normalized
to the spiked REE concentrations (equation 9) shows mixing between three end members;
bare (YD), grass (Eu), and shrub (Ho). Red dots at or near the vertices indicate that the
initial spiked concentrations of these REE are more than 100 times background values at
time zero. Orange dots display the composition of bare samples after 90 days, green dots
are grass samples (90 days), light blue dots are shrub samples (90 days), and the dark blue
triangles show the composition of sediment taken from the MWAC samplers. Green and
light blue data points plot farther away from the bare-shrub and bare-grass axes and the
dark blue triangles plot predominantly along the bare-shrub axis indicating that the main
sediment source is from the bare and shrub patches and that there is mixing between all
three microsite types.
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Figure 22. Box plots compare tracer REE concentrations in bare microsites between spiked,
control and burned plots. Red points are outliers assuming a normal distribution. (a) Bare
tracer (Yb) concentrations are not significantly different (P > 0.05) in the three sites as
indicated by the A symbol. (b) The grass tracer (Eu) concentrations are significantly greater
in the burned site than in the control and original spiked plot as indicated by the C symbol.
(c) The shrub tracer (Ho) concentration is also significantly greater in the in the burned plot
than in the control and original spiked plot as indicated by the E symbol.
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Figure 23. Box plots compare tracer REE concentrations in grass microsites between
spiked, control and burned plots. Red points are outliers assuming a normal distribution.
(a) Bare tracer (Yb) concentrations in grass sites are significantly greater in the burned and
control plots than the spiked as indicated by the B symbol. (b) The grass tracer (Eu)
concentrations are not significantly different (P > 0.05) in the three plots as indicated by
the C symbol. (c) The shrub tracer (Ho) concentrations are significantly greater in the
burned plot than the spiked and the control plots as indicated by the E symbol.
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Figure 24. Box plots compare tracer REE concentrations in shrub microsites between
spiked, control and burned plots. Red points are outliers assuming a normal distribution.
(a) The bare tracer (Yb) concentrations in shrub sites are significantly greater in the burned
and control plots than the spiked as indicated by the B symbol (b) The grass tracer (Eu)
concentrations in shrub sites are significantly greater in the burned plot than in the spiked
and the control plots as indicated by the D symbol. (c) The shrub tracer (Ho) concentration
in the shrub sites is not significantly different (P > 0.05) between all three plots as indicated
by the E symbol.
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Figure 25. Box plots comparing vegetative tracer (Ho and Eu) concentrations in all three
burned plot microsites. Based on the Kruskal-Wallis test, Ho concentrations in the grass
site (A) are significantly greater than in the other sites (B). Red points are outliers assuming
a normal distribution.
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CHAPTER 6: DISCUSSION

Field experiments in a shrub-grass transition zone in the Chihuahuan desert using
wind erosion monitoring and rare earth element tracers indicate that fires greatly increased
the transport and redistribution of sediment by wind. The HMF of wind-borne sediments
were three times higher in the burned plots compared to the control plots (Figure 17a). The
post-fire enhancement of aeolian processes is documented by several other studies and is
attributed to the loss of vegetation cover and changes in surface soil properties (e.g., soil
water repellency) in the burned sites (Sankey et al., 2009; Ravi et al., 2012). The HMF is
the major process responsible for local redistribution of soil resources and typically more
than 95% of the flux occurs below the measured 1-m height. As the vertical dust flux (Fe)
is linearly related to the HMF (Fe = kQ, where k is soil specific constant), it can be inferred
that the vertical dust flux also increases three times in the burned areas (Shao et al., 1993;
Gillette et al., 1997). If dust deposition in the system remains constant than the total erosion

will also increase by three times the background.

Fires have a drastic effect on the VWC of the soil underneath the differing microsite
types, potentially affecting the interparticle, stabilizing forces, which determine TSV
(Figure 12). Shrub sites, which are characterized, in the control plot, by a broad and slow
increase in VWC following precipitation events which occurred during the study period,
show a change to a sharp but attenuated peak (~ half the height of bare and grass site peak
VWC) following a similar pattern to the grass and the bare sites after the fire. Much of the
time the burned shrub VWC is approximately zero which can be attributed to soil
hydrophobicity often induced by the burning of woody vegetation (DeBano, 2000).

Furthermore, the near zero VWC of burned shrubs due to soil hydrophobicity causes a
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decrease in the interparticle forces (due to water retention) and results in a TSV decrease
from 0.40 + 0.13 m s t0 0.20 + 0.08 m s (Ravi et al., 2006). The control grass sites have
the lowest VWC for their treatment area, which can be attributed to interception of water
by grasses and the uptake of soil water by grass roots. Following the fire grasses have the
highest VWC, which may be due to lower evaporation relative to the bare sites and a
decrease in transpiration relative to the control area. The comparably large VWC of grasses
following fires may affect the TSV providing a feedback mechanism for the

reestablishment of grasses during a woody plant invasion.

When measured, the TSV for each of the vegetated, shrub and grass sites, was
significantly lower following the fire (Figure 17b). Both the grass and the shrub TSV
decreased by approximately 0.20 m s™. The removal of vegetation as a roughness element
and an associated decrease in VWC following the fire allows for an increase in the surface
wind shear as well as a decrease in interparticle cohesive forces which results in greater
erosion from shub and grass sites. Shrub sites also have a lower TSV than that of grass
sites. Thus, when vegetation is removed by fire, sediment is more easily (preferentially)
entrained and transported from the shrub sites than it is from the grasses. This is supported

by the REE concentrations found in the burned area sediment collectors (Figure 21).

The wind shear at the soil surface was greater in the burned plot than in the control
(Figures 15 and 16). This is due to the removal of vegetation as a roughness element, which
helps shelter the soil surface and decrease wind momentum (Stockton and Gillette, 1990).
With a combination of decreased VWC due to soil hydrophobicity and the removal of the
vegetation sheltering effect the TSV decreases over the soil surface following the fire. The

increase in the wind shear velocity over this surface induces a HMF and VDF
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approximately three times that of the background. Shrub sites have the lowest TSV and

particles should be transported preferentially from these sites.

The REE-tracer analysis of wind-borne sediments showed that 88.5 £+ 1.7% of the
HMF from the control area was derived from the bare microsites (Figure 20). The wind
eroded sediments and nutrients are partially redeposited onto vegetated patches by canopy
trapping. This deposition of fine soil and associated nutrients is thought to be the major
factor responsible for the formation of shrub islands (Schlesinger et al., 1990; Li et al.,
2008). Thus, the bare soil interspaces in shrub encroached landscapes that are not recently
burned act as sediment sources while the vegetated microsites (shrub and grass) act as sinks
for the sediments from bare soil sites. Because none of the data points are observed along
or near the shrub-grass axis in Figure 20, the results show limited mixing of sediments
between grass and the shrub microsites. Furthermore, no significant difference was
observed between shrub and grass tracers (Ho and Eu) in bare sites indicating little to no
erosion from vegetated microsites under stable (e.g., not recently burned) conditions

(Figures 22, 23, 24).

The burned area displayed greater mixing of sediments occurring between all three
microsite types compared to the control area (Figure 21). Significant enrichment of each
microsite with tracers from the other two microsites (e.g., shrub and grass tracers in bare
sites) indicates homogenization of sediment following the fire (Figures 22, 23, 24). The
REE-tracer analysis of wind-borne sediments from the burned plots indicate that the HMF
is primarily composed of particles from the bare and shrub microsites (Figure 21). These
vegetated microsites were found to be the most active sediment sources following the fire,

which corroborates experiments based on different methods in other burned desert
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shrublands (Sankey et al., 2012a). Greater enrichment of shrub tracers in grass microsites
than vice versa indicates that the grass microsites became a significant sediment sink
following the fire (Figure 25). The grasses are generally fire-adapted and typically retain
their pedestals with dense fibrous roots which can stabilize the soil particles in grass
microsites (Stout, 2012; Van Pelt et al., 2017b). Moreover, the post-fire recovery of grasses
iIs much faster than shrubs, thereby providing the grasses a competitive advantage in

trapping aeolian sediments after a fire (Parmenter, 2008; Ravi et al., 2009a).

The background characteristics of the soil showed that the bare sites contained the
highest proportion of fine grains compared to that of the shrubs and the grasses with Shrub
sites being the coarsest (Figure 10). The field site (shrub-grass transition zone) is in the
early stages of shrub encroachment, which may account for the differences in grain size
distribution between the microsite types. The greater amount of fine particles in bare sites
may also explain their prominence as sediment sources in both the burned and control
treatment areas. However, shrub sites are the dominant sediment source following the fire
indicating that a decrease in soil moisture (VWC) and a removal of vegetation (sheltering
effect) overcomes the difference in grain size between the bare microsite and the shrub
microsites when determining the TSV of the soil. It is these mechanisms, which allow for

the homogenization of the soil surface.

This study demonstrates that REEs can be used as effective and reliable tracers to
identify post-fire sinks and sources of sediments at the field-scale. However, long-term
field studies are needed to measure the different resource input and output components to
accurately predict post-fire sediment redistribution and loss. Zhang et al. (2001) indicated

that in sandy soils, REEs can be preferentially adsorbed to a certain fine fraction. Wind
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preferentially entrains the smallest size fraction from the soil, which could lead to an
overestimation or underestimation of erosion (Li et al., 2009). However, in this study our
objective was to compare the relative soil redistribution from the burned and unburned
sites. Furthermore, we acknowledge that some disturbances to the surface soil may have
inadvertently occurred in both the burned and control plots during the tracer application.
Nevertheless, our study represents a useful approach to test the applicability of multiple

REE tracers to quantify wind erosion and associated soil redistribution at field scales.

Our results support the post-fire resource redistribution and landscape
homogenization hypothesized and tested by several studies (White et al., 2006; Ravi et
al., 2009a; Sankey et al., 2010, 2012b). Such homogenization can have undesirable
environmental consequences in some desert shrublands, such as the cold desert sagebrush
steppe of the Great Basin, USA (Sankey et al., 2012b). However, in the shrub-
encroached Chihuahuan desert grasslands that we studied in this experiment, the
homogenization of resources and shrub mortality may enhance grass regrowth and
competitiveness in the landscape, thereby proving a negative feedback to land
degradation induced by shrub encroachment. Thus, prescribed fires could serve as a
valuable management tool in the early stages of shrub encroachment when sufficient
grass connectivity exists in the landscape for fires to spread. However, as observed in our
study, fires can greatly accelerate the sediment transport by wind and subsequent dust
emissions (Figure 17). Hence, the timing of fire and post-fire climatic conditions are
important factors controlling the balance between resource loss and redistribution. For
example, if the prescribed fires are followed by persistent droughts or extreme winds the

ecosystem might experience a net loss of resources, rather than redistribution.
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CHAPTER 7: CONCLUSION

Our findings directly address key questions relating to the interactions among fire,
wind, vegetation, and soil processes in a shrub-grass transition ecosystem using a unique
multiple tracer-based approach. We tested the field applicability of a potentially valuable
tracer technique, REE tracers for wind erosion studies, which could be used to monitor
landscape responses to disturbances and for grassland/habitat management programs. In
our study, while fires are seen to dramatically increase sediment transport and nutrient loss,
they can also potentially be used in our study environment as a valuable tool to manage

shrub-encroached grasslands.

We observed that fire caused a significant decrease of the VWC underneath shrub
sites, removed the sheltering effect provided by shrubs, lowered the TSV of both shrub and
grass sites (shrub sites have the lowest TSV), and allowed for an increase in the shear
velocity of wind at the soil surface. These mechanisms caused a threefold increase in HMF
and VDF as well as induced changes in sediment sources and sinks following the fire,
overall, leading to a homogenization of surface sediment and nutrients. These processes
are thought to enhance grass regrowth by providing a negative feedback mechanism to

woody plant encroachment.

In a regime of predicted climatic and land-cover shifts, a potential increase in
aridity in drylands may enhance the frequency and intensity of fires, leading to acceleration
of soil erosion processes and a prolonged post-fire window of soil erosion disturbances.
Considering the extent of grassland and rangelands (70% of the world’s drylands) and the
multitude of ecosystem services (including primary production and carbon sequestration)

they provide, understanding the interactions among vegetation dynamics, disturbance, and
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soil erosion is critical. Our study presents the first step towards developing a valuable tool
to monitor the ecogeomophic response of these landscapes to changing climate,

disturbance, and management scenarios.
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Windy Season Horizontal Mass
Flux (3/11/16 — 6/11/16)

Horizontal Mass Treatment
Flux (g / m d) area
28.01638638 Control
28.32433466 Control
24.37328963 Control
30.73844964 Control
24.85411294 Control
26.15202414 Control
36.95577876 Burned
43.95773009 Burned
60.30092049 Burned
185.2171049 Burned
56.86133726 Burned
68.35803172 Burned

Bare microsite REE concentrations

Spike
dYb

Control
Yh

Burned
Yh

Spiked
Eu

Control
Eu

Burned
Eu

Spike
d Ho

Control
Ho

Burned
Ho

20.933
138

14.2205
6791

6.8826
2306

0.2932
1068

2.1604
8069

1.14453
9676

0.3022
129

0.2769
0686

0.4890
3991

13.763
05

191.263
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407.27
5613

0.2306
0893

0.2833
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1.13197
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81

0.2408
0708

1.6897
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0.1940
4853
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189.68
389

6.17396
8917

338.80
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9.7877
0315

0.2488
0512
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2486
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2.2255
5629
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0391

471.86
904

353.037
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247.68
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5749
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5798

0.79347
313

0.2810
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3.3616
2236

0.9701
6311
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214.017
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38.776
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0914
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5361
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2012
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111.55 | 5.96413 | 178.37 | 0.4194 | 0.3649 | 0.87020 | 0.3410 | 0.3165 | 0.4968
134 7791 5391 3149 268 9112 513 7366 3015
307.27 | 198.017 | 243.68 | 2.4918 | 0.3717 | 1.09893 | 0.3277 | 0.2898 | 0.5881
862 2995 6908 1456 9532 7647 416 3211 7473
35.935 | 327.817 | 272.31 | 0.4534 | 0.3766 | 0.59156 | 0.3323 | 0.3080 | 0.3239
196 3107 1021 5556 0736 5711 323 4952 1692
446.24 | 179.713 | 168.68 | 0.4349 | 0.4345 | 0.78964 | 0.3265 | 0.2812 | 0.3826
265 2893 1548 0187 0414 8039 617 8183 48
173.17 | 173.406 | 175.83 | 0.5764 | 0.3961 | 0.46696 | 0.3001 | 0.3317 | 0.6109
963 6856 4398 9539 9853 9715 924 4345 6637
3.6112 | 68.2717 | 305.41 | 0.3287 | 0.4595 | 0.59782 | 0.2822 | 0.2940 | 0.4823
775 4032 4483 0142 3869 2811 744 646 621
132.09 | 330.936 | 18.544 | 0.5470 | 0.4437 | 0.47263 | 0.2718 | 0.2899 | 1.3497
657 2759 3516 8339 3954 3924 921 6315 0467
243.78 | 331.682 | 311.10 | 2.4616 | 0.3842 | 0.69092 | 0.2710 | 0.2534 | 1.4491
935 5799 4774 9953 8918 0435 462 9455 9138
118.59 | 64.5279 | 32.859 | 0.6533 | 0.4196 | 1.18625 | 0.2686 | 0.3402 | 1.6708
303 8559 3815 7442 2463 0526 619 2056 0813
53.533 | 217.446 | 103.39 | 0.4037 | 0.4143 | 0.60024 | 0.5985 | 0.2948 | 0.2996
507 9988 2546 8739 1154 7625 305 3021 4729
335.95 | 141.031 | 159.50 | 0.8455 | 0.3137 | 0.65189 | 0.2416 | 0.2579 | 0.4625
996 6683 8581 205 1149 4239 362 4501 4888
259.62 | 232.511 | 216.84 | 0.3571 | 0.3706 | 0.49548 | 0.2590 | 0.2862 | 0.2643
208 3652 5969 8758 834 9603 466 3674 0863
176.97 | 199.009 | 226.33 | 0.3399 | 1.0046 | 1.92298 | 0.2813 | 0.2366 | 0.9891
429 4196 3552 0594 628 3968 264 368 2613
197.87 | 227.013 | 308.85 | 0.2719 | 0.5432 | 0.96418 | 0.2406 | 0.2443 | 0.5913
456 0487 2715 6076 518 0171 236 0252 5638
142.98 | 263.209 | 108.03 | 0.4816 | 0.3825 | 0.90351 | 0.4548 | 0.2573 | 0.5033
677 2172 5462 6763 5926 1364 85 6106 5486
167.05 | 259.511 | 13.809 | 0.3979 | 0.3868 | 0.91914 | 0.2740 | 0.3466 | 7.1514
672 0734 515 8194 2152 7962 047 8245 4554
149.04 | 167.429 | 7.4774 | 0.4248 | 0.3718 | 1.03171 | 0.2093 | 0.2486 | 3.2323
957 3655 155 0359 4569 6917 148 1729 2287
126.38 | 376.627 | 260.26 | 0.3943 | 0.4703 | 0.63182 | 0.5161 | 0.9332 | 1.0755
302 3893 9022 3989 7007 7229 828 904 3042
181.30 | 241.673 | 125.17 | 0.3211 | 0.4493 | 0.65527 | 0.2017 | 0.2411 | 0.4073
808 8246 1103 3872 2278 4711 111 2807 6456
123.78 | 216.770 | 77.095 | 0.3656 | 0.6546 | 0.39560 | 0.2785 | 0.2865 | 0.3058
229 6919 0304 4501 8666 4485 215 598 7413
267.72 | 428.870 * 0.3432 | 1.8712 * 0.3630 | 0.2585 *
587 8073 0549 2537 068 2852

342.25 | 466.718 * 0.3430 | 1.3506 * 0.2333 | 0.2081 *
38 9198 8515 6742 088 9708

197.86 | 88.9345 * 0.3661 | 0.4779 * 0.2248 | 0.3065 *
261 161 6677 7532 617 4123
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298.91 | 157.918 0.4136 | 3.5363 0.1923 | 16.795
963 2198 2355 6533 257 2064

1276.7 | 140.589 0.6318 | 0.4055 0.2381 | 0.3536
38 0223 2723 4486 71 6355

870.33 | 253.889 0.6552 | 0.4927 0.4902 | 0.2320
58 9963 7471 535 616 0981

828.88 | 239.802 0.3956 | 0.4175 0.4991 | 0.3416
2 6435 0449 9282 767 1871

* 188.707 * 0.3957 * 0.2753

7014 4585 12

* 50.2819 * 0.9318 * 0.2526
5229 9071 6078

* 222.487 * 0.4725 * 0.3136
898 6656 8043

* 584.450 * 0.7581 * 0.2725

816 5656 346

* 270.970 * 0.4274 * 0.3165
9629 6147 0624

* 490.402 * 0.4347 * 0.1686
0719 131 9525

* 247.905 * 0.4840 * 0.2575
0079 6394 4363

* 84.8214 * 0.3473 * 0.2383
2793 0661 0466

* 64.6821 * 0.9862 * 14.809
0539 2645 4614

* 67.2686 * 0.5100 * 0.2702
2771 3878 2237

* 222.824 * 0.5077 * 0.3801
0601 7097 8696

* 132.840 * 0.4205 * 0.3097
1893 2303 3861

* 53.3505 * 12.113 * 0.1935
4167 0256 8903

* 279.611 * 0.5375 * 0.2678
3358 1424 0018

* 68.7661 * 0.5141 * 0.2788
929 8878 4834

* 331.720 * 0.6727 * 0.4521
5268 1127 8879

* 352.747 * 0.4569 * 0.3242
4092 5264 1928

* 377.099 * 0.6942 * 0.3145
9923 5466 0752
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Grass site REE concentrations

Spiked | Control | Burned | Spiked | Control | Burned | Spike | Contro | Burne
Ho Ho Ho Eu Eu Eu dYb I'Yb dYb
0.6708 | 0.18558 | 2.96680 | 24.3194 | 4.91363 | 24.742 | 2.323 | 3.0066 | 18.40
1147 9585 1478 5643 4255 3337 | 9398 | 5095 | 0162
0.2344 | 0.30022 | 0.60059 | 8.80290 | 4.39936 | 92.984 | 1.623 | 20.692 | 10.43
731 0686 4299 477 8191 3846 | 5114 | 0991 | 4205
0.1596 | 0.32616 | 7.65866 | 71.2123 | 11.8587 | 12.988 | 2.681 | 11.899 | 22.89
0069 4044 4086 6372 2235 1252 | 3894 | 4904 | 1607
0.3881 | 0.24129 | 1.67383 | 23.4630 | 6.99652 | 41.717 | 1.545 | 8.1768 | 6.760
5702 023 3338 4756 4053 8338 | 2223 | 7826 | 4918
0.2905 | 0.27581 | 15.1943 | 37.6628 | 4.99384 | 71.003 | 1.354 | 11.124 | 18.04
9516 8778 8435 0582 9633 6822 249 6975 | 5291
0.0911 | 0.26251 | 1.32171 | 187.045 | 101.540 | 28.770 | 1.972 | 15.345 | 5.678
0097 4603 6996 5819 3573 0141 | 6759 | 1498 465
0.1614 | 0.16949 | 0.30398 | 236.009 | 59.9351 | 55.554 | 1.672 | 10.949 | 2.706
091 3616 3757 7515 9467 0981 | 6659 776 5369
0.0396 | 0.04444 | 0.37637 | 175.123 | 44.0377 | 53.371 | 2.521 | 15.158 | 2.896
4273 2081 6939 8559 4037 602 1665 | 8689 | 5148
* 0.09039 | 1.20456 * 9.68593 | 103.44 * 4.1008 | 42.82
2543 2239 9047 024 1535 | 4027
* 0.15251 | 1.50531 * 34.0175 | 41.579 * 3.1664 | 4.460
6247 0334 32 7517 4666 227
* 0.25761 | 1.65787 * 0.90101 | 58.019 * 3.5328 | 11.44
0768 6178 0847 5235 7675 | 3759
* 0.32897 | 2.91040 * 16.9969 | 2.3333 * 2.8195 | 13.78
2581 0497 3047 2863 1404 | 9326
* 0.16676 | 2.14114 * 43.7520 | 247.00 * 5.1426 | 17.06
5946 0294 5252 8909 9425 | 3513
* 0.15971 | 0.35900 * 54.8491 | 80.443 * 3.9059 | 3.908
5439 8333 7398 2946 8241 815
* * 2.17306 * * 18.743 * * 45.07
9918 5585 8464
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Shrub site REE concentrations

Spiked | Control | Burned | Spiked | Control | Burned | Spiked | Control | Burned
Ho Ho Ho Yb Yb Yb Eu Eu Eu
64.491 | 70.741 | 229.86 | 2.1913 | 3.1064 | 7.7943 | 0.3543 | 0.2748 | 0.9805
35 93 19 17 46 01 66 77 14
67.987 | 96.711 | 84.783 | 1.3792 | 1.7951 | 8.9110 | 0.2826 | 0.8384 | 0.8440
04 23 42 11 38 36 38 22 25
15.447 | 52.959 | 22.137 | 3.0110 | 1.8986 | 1.6033 | 0.2486 | 0.3858 | 0.3015
64 18 13 67 79 79 44 19 19
244.85 | 172.66 | 30.222 | 0.5768 | 5.4797 | 2.2360 | 0.2588 | 0.4226 | 0.4919
53 98 25 36 46 21 54 18 17
19.589 | 14.145 | 78.499 | 1.1841 | 3.1064 | 14.947 | 0.2652 | 0.3563 | 1.9714
72 41 03 72 9 75 57 9 05
79.962 | 173.61 | 29.103 | 0.7603 | 2.1422 | 1.7923 | 0.2658 | 0.5080 | 0.3410
37 8 02 98 82 5 07 66 33
58.170 | 67.118 | 73.780 | 1.6721 | 3.9891 | 3.9866 | 0.2596 | 0.3489 | 0.4135
7 15 68 42 59 39 36 64 54
66.069 | 119.74 | 22.270 | 1.1445 | 2.7735 | 3.1184 | 0.3908 | 0.2903 | 0.4440
53 86 73 6 2 59 41 36
368.73 | 23.365 | 211.72 | 0.5418 | 0.9194 | 2.9424 | 0.4533 | 0.2913 | 0.9641
19 34 51 12 79 81 89 99 94
467.46 | 101.20 | 111.91 | 0.2745 | 1.3786 | 7.3769 | 0.4015 | 0.3851 | 1.1264
51 04 09 44 53 37 76 66 79
360.33 * 104.47 | 0.9229 * 12.717 | 0.3867 * 1.5748
04 18 17 92 2 63
* * 30.089 * * 7.6623 * * 0.9012
7 96 46

* * 76.502 * * 4.3840 * * 0.4103
34 81 72

* * 2.0595 * * 0.6350 * * 0.4744
17 44

* * 5.3580 * * 1.4239 * * 0.4163
06 68 29

* * 20.793 * * 0.7975 * * 0.3537
47 5 68
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Ho and Eu in burned area microsites

Ho in Euin Euin Hoin
Grass Shrub Bare Bare
2.966801 | 0.980514 | 1.14454 | 0.48904
0.600594 | 0.844025 | 1.131976 | 1.689713
7.658664 | 0.301519 | 1.64293 | 1.228531
1.673833 | 0.491917 | 0.776662 | 0.394804
15.19438 | 1.971405 | 0.793473 | 0.970163
1.321717 | 0.341033 | 0.845158 | 19.01139
0.303984 | 0.413554 | 0.837024 | 3.923283
0.376377 | 0.444036 | 3.757663 | 5.050569
1.204562 | 0.964194 | 1.222054 | 1.161349
1.50531 | 1.126479 | 5.815089 | 3.863209
1.657876 | 1.574863 | 1.38368 | 0.928645
2.9104 | 0.901246 | 0.451605 | 0.41322
2.14114 | 0.410372 | 0.870209 | 0.49683
0.359008 | 0.4744 | 1.098938 | 0.588175
2.17307 | 0.416329 | 0.591566 | 0.323917
* 0.353768 | 0.789648 | 0.382648
* * 0.46697 | 0.610966
* 0.597823 | 0.482362
* * 0.472634 | 1.349705
* * 0.69092 | 1.449191
* * 1.186251 | 1.670808
* * 0.600248 | 0.299647
* * 0.651894 | 0.462549
* * 0.49549 | 0.264309
* * 1.922984 | 0.989126
* * 0.96418 | 0.591356
* * 0.903511 | 0.503355
* * 0.919148 | 7.151446
* * 1.031717 | 3.232323
* * 0.631827 | 1.07553
* * 0.655275 | 0.407365
* * 0.395604 | 0.305874
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Burned area normalized REE concentrations

Microsite
Type

Sample Name

La (ppm)

Yb
(normalized)

Eu
(normalized

)

Ho
(normalized)

bare

243 Burned
Plot 1 Sample
11 PE

9.44706

0.267484

0.006961

0.0024

bare

245 Burned
Plot 1 Sample
39 PE

6.944561

0.037998

0.002955

0.047017

bare

123 Burned
Plot 2 Sample 1
PE

8.20559

0.133334

0.017581

0.01199

bare

124 Burned
Plot 2 Sample 2
PE

7.948344

0.121913

0.004848

0.002232

bare

129 Burned
Plot 2 Sample 6
PE

7.746897

0.429474

0.027913

0.009011

bare

131 Burned
Plot 2 Sample 8
PE

8.41797

0.13987

0.00566

0.001648

bare

132 Burned
Plot 2 Sample 9
PE

8.006069

0.204959

0.000979

0.000355

bare

133 Burned
Plot 2 Sample
10 PE

8.118822

0.178885

0.003081

0.000565

bare

135 Burned
Plot 2 Sample
12 PE

7.070759

0.244799

0.00423

0.000794

bare

136 Burned
Plot 2 Sample
13 PE

7.853524

0.273687

0.001682

0.000131

bare

138 Burned
Plot 2 Sample
15 PE

7.080593

0.169102

0.002677

0.000278

bare

217 Burned
Plot 2 Sample
24 PE

7.109714

0.032027

0.004668

0.00351

bare

250 Burned
Plot 3 Sample
15 PE

6.775704

0.21771

0.001199

bare

247 Burned
Plot 3 Sample
19 PE

7.163202

0.310566

0.003553

0.000802
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bare

230 Burned
Plot 3 Sample
34 PE

5.547051

0.006411

0.003892

0.007428

bare

140 Burned
Plot 2 Sample
17 PE

7.2169

0.176321

0.001056

0.000851

bare

141 Burned
Plot 2 Sample
18 PE

7.781119

0.307096

0.001713

0.000528

bare

142 Burned
Plot 2 Sample
19 PE

6.111261

0.01758

0.001085

0.002704

bare

143 Burned
Plot 2 Sample
20 PE

7.220643

0.312839

0.002181

0.002954

grass

242 Burned
Plot 1 Sample
37 PE

7.232683

0.017434

0.122959

0.006762

grass

244 Burned
Plot 1 Sample
45 PE

6.803078

0.009395

0.465649

0.000825

grass

125 Burned
Plot 2 Sample 3
PE

6.612422

0.005687

0.208205

0.003518

grass

126 Burned
Plot 2 Sample 4
PE

6.543823

0.017076

0.355269

0.03744

grass

127 Burned
Plot 2 Sample 5
PE

6.64823

0.021967

0.063933

0.018533

grass

130 Burned
Plot 2 Sample 7
PE

6.461599

0.004595

0.143185

0.002634

grass

134 Burned
Plot 2 Sample
11 PE

5.532852

0.001596

0.277686

8.07E-05

grass

220 Burned
Plot 2 Sample
11 PE

6.396853

0.001787

0.266726

0.000262

grass

137 Burned
Plot 2 Sample
14 PE

6.491094

0.042083

0.518155

0.00234

grass

218 Burned
Plot 2 Sample
23 PE

7.264851

0.003366

0.207512

0.003095
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grass

246 Burned
Plot 3 Sample
17 PE

6.733633

0.010413

0.290067

0.003478

grass

248 Burned
Plot 3 Sample
49 PE

6.542362

0.012781

0.010428

0.00662

shrub

239 Burned
Plot 1 Sample
17 PE

3.769573

0.00673

0.003635

0.576034

shrub

236 Burned
Plot 1 Sample
18 PE

5.623752

0.007857

0.00295

0.212037

shrub

235 Burned
Plot 1 Sample
19 PE

5.493957

0.000482

0.000225

0.054859

shrub

237 Burned
Plot 1 Sample
20 PE

5.747578

0.001121

0.001181

0.075145

shrub

238 Burned
Plot 1 Sample
29 PE

5.036146

0.01395

0.008611

0.196269

shrub

241 Burned
Plot 1 Sample
50 PE

10.58257

0.024847

0.023506

0.176277

shrub

139 Burned
Plot 2 Sample
16 PE

5.976903

0.000673

0.000424

0.072336

shrub

216 Burned
Plot 2 Sample
32a PE

5.602791

0.002888

0.000788

0.184431

shrub

219 Burned
Plot 2 Sample
32b PE

6.420523

0.002011

0.000941

0.055194

shrub

249 Burned

Plot 3 Sample 3

PE

5.810597

0.001834

0.003553

0.530529

shrub

232 Burned
Plot 3 Sample
16 PE

5.587261

0.006309

0.004368

0.280099

shrub

233 Burned
Plot 3 Sample
39 PE

4.561051

0.011699

0.00662

0.261434

shrub

234 Burned
Plot 3 Sample
40 PE

5.298312

0.006597

0.003237

0.074812
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shrub 231 Burned 4.979857 0.003289 0.000772 0.19126
Plot 3 Sample
41 PE
Burned area normalized sediment collector REE concentrations
Sample Name La Yb Eu Ho
(normalized) | (normalized) | (normalized)
177 Burned Sediment 6.186157 | 0.388901 0.146086 0.18998
Collector 8
178 Burned Sediment 5.640015 | 0.291213 0.147854 0.29111
Collector 9
179 Burned Sediment 7.163806 | 0.192231 0.114318 0.091555
Collector 10
147 Burned Sediment 7.32158 0.224393 0.126221 0.211154
Collector 3
161 Burned Sediment 6.148218 | 0.415249 0.173751 0.653664
Collector 4
162 Burned Sediment 6.07766 0.274809 0.111796 0.667295
Collector 5
163 Burned Sediment 7.064767 | 0.153904 0.082597 0.341173
Collector 6
164 Burned Sediment 7.411304 | 0.022573 0.008897 0.018441
Collector 7
Normalized Spiked REE concentrations
Sample Name La Yb Eu Ho
(normalized) | (normalized) | (normalized)
39 Burned Plot 1 Bare | 8.58624 1.287379 0.000582 0
PA
42 Burned Plot 2 Bare | 7.451593 | 0.877228 0.001361 0.000548
PA
45 Burned Plot 3 Bare | 6.758612 | 0.835392 0.00266 0.00057
PA
40 Burned Plot 1 6.486336 | 0.000855 0.937995 0
Grass PA
43 Burned Plot 2 6.689549 | 0.000552 1.183877 0
Grass PA
46 Burned Plot 3 6.07979 0.001409 0.878128 0
Grass PA
41 Burned Plot 1 4.338276 0 0.000988 0.924454
Shrub PA
44 Burned Plot 2 3.751558 0 0.000728 1.172172
Shrub PA
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47 Burned Plot 3 4.81803 0 0.000653 0.903375
Shrub PA
Control area normalized REE concentrations
Microsite Sample Name La Yb Eu Ho
type (normalized) | (normalized | (normalized
) )

bare 215 Control Plot 1 | 6.25719 0.191892 0.000134 0
Sample 4 PE 5

bare 212 Control Plot 1 | 6.53119 0.125655 0.000277 0
Sample 5a PE 2

bare 214 Control Plot 1 | 6.40494 0.355158 0.000232 0.007752
Sample 7 PE

bare 223 Control Plot1 | 7.2845 0.214856 0.000581 0
Sample 13 PE

bare 221 Control Plot 1 | 6.80284 0.082939 0.007257 0
Sample 30 PE 5

bare 148 Control Plot 2 | 8.83252 0.143216 0.000808 7.91E-05
Sample 1 PE

bare 150 Control Plot 2 | 7.35850 0.042826 0.000407 9.29E-05
Sample 3 PE 2

bare 151 Control Plot 2 | 7.79837 0.301038 0.00073 0
Sample 4 PE 2

bare 152 Control Plot 2 | 7.94202 0.084618 0.000503 7.97E-05
Sample 5 PE

bare 153 Control Plot 2 | 8.80873 0.004883 0.000544 0.000112
Sample 6 PE

bare 155 Control Plot 2 | 8.36928 0.198708 0.000578 4.52E-05
Sample 8 PE 4

bare 156 Control Plot 2 | 7.23206 0.329705 0.000602 9.09E-05
Sample 9 PE

bare 158 Control Plot 2 | 7.93388 0.180235 0.000893 2.37E-05
Sample 11 PE 4

bare 159 Control Plot 2 | 8.35527 0.17387 0.000701 0.00015
Sample 12 PE 3

bare 165 Control Plot 2 | 7.14248 0.067766 0.001019 5.58E-05
Sample 13 PE 4

bare 166 Control Plot 2 | 7.77956 0.332853 0.000939 4. 55E-05
Sample 14 PE 8

bare 168 Control Plot 2 | 6.64999 0.333606 0.000641 0
Sample 16 PE 9

bare 169 Control Plot 2 | 6.35273 0.063987 0.000818 0.000172
Sample 17 PE 3

bare 171 Control Plot 2 | 7.69359 0.218317 0.000792 5.77E-05
Sample 19 PE 4
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bare 172 Control Plot 2 | 6.15348 0.141197 0.000287 0
Sample 20 PE 1

bare 175 Control Plot 2 | 6.81119 0.23352 0.000573 3.62E-05
Sample 23 PE 6

bare 182 Control Plot 2 | 7.57289 0.199709 0.003756 0
Sample 24 PE 7

bare 183 Control Plot 2 | 7.67407 | 0.227971 0.001439 0
Sample 25 PE 8

bare 184 Control Plot 2 | 7.70229 | 0.264501 0.000632 0
Sample 26 PE 5

bare 185 Control Plot 2 | 6.78250 | 0.260769 0.000654 0.000188
Sample 27 PE 2

bare 186 Control Plot 2 | 6.58299 | 0.167838 0.000578 0
Sample 28 PE 5

bare 189 Control Plot 2 | 7.41818 | 0.378966 0.001073 0.00166
Sample 31 PE 7

bare 190 Control Plot 2 | 7.68932 | 0.242767 0.000968 0
Sample 32 PE

bare 191 Control Plot 2 | 7.53815 | 0.217634 0.001999 3.7E-05
Sample 33 PE 9

bare 193 Control Plot 2 | 7.39601 | 0.431691 0.008108 0
Sample 34 PE 1

bare 194Control Plot 2 | 6.96592 | 0.469888 0.005494 0
Sample 35 PE 6

bare 195 Control Plot 2 | 9.02792 | 0.088619 0.001111 8.71E-05
Sample 36 PE 8

bare 198 Control Plot 2 | 9.13831 0.14075 0.000748 0.000205
Sample 39 PE 1

bare 200 Control Plot 2 | 7.63044 | 0.255096 0.001186 0
Sample 41 PE 7

bare 201 Control Plot 2 | 9.09945 | 0.240879 0.000808 0.000175
Sample 42 PE 6

bare 202 Control Plot 2 | 9.12485 | 0.189313 0.000698 8.74E-06
Sample 43 PE

bare 204 Control Plot 2 | 7.94959 0.04961 0.003391 0
Sample 45 PE 4

bare 205 Control Plot 2 | 8.41004 | 0.223404 0.001084 0.000105
Sample 46 PE 9

bare 206 Control Plot 2 | 8.11844 | 0.588706 0.002518 1.77E-06
Sample 47 PE 2

bare 207 Control Plot 2 | 8.99100 | 0.272335 0.000858 0.000112
Sample 48 PE 3

bare 209 Control Plot 2 | 9.63575 0.49379 0.000894 0
Sample 49 PE 6

bare 210 Control Plot 2 | 8.64518 | 0.249056 0.001142 0
Sample 50 PE 5
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bare 251 Control Plot 3 | 7.76197 | 0.084468 0.000455 0
Sample 5 PE 8

bare 252 Control Plot 3 | 8.07845 | 0.066753 0.001272 0
Sample 16 PE 8

grass 149 Control Plot 2 | 8.49622 | 0.100257 0.051998 0.000147
Sample 2 PE 5

grass 211 Control Plot 1 | 6.32060 | 0.013216 0.00956 1.27E-05
Sample 3 PE 6

grass 222 Control Plot 1 | 6.79511 | 0.001899 0.047351 0
Sample 14 PE

grass 154 Control Plot 2 | 7.94550 | 0.019747 0.023386 7.12E-05
Sample 7 PE 6

grass 157 Control Plot 2 | 6.66558 0.00238 0.217224 0
Sample 10 PE 1

grass 167 Control Plot 2 | 7.05901 | 0.010873 0.020803 0.000136
Sample 15 PE 2

grass 170 Control Plot 2 | 5.00640 | 0.007116 0.058262 0
Sample 18 PE 9

grass 173 Control Plot 2 | 6.17939 | 0.010091 0.033845 1E-05
Sample 21 PE 6

grass 174 Control Plot 2 | 6.10746 0.014351 0.023789 0
Sample 22 PE 9

grass 196 Control Plot 2 | 7.30209 | 0.009915 0.508615 0
Sample 37 PE 6

grass 199 Control Plot 2 | 7.60282 | 0.014163 0.299687 0
Sample 40 PE 8

grass 203 Control Plot 2 | 8.21222 | 0.003003 0.219855 0
Sample 44 PE 6

grass 255 Control Plot 3 | 6.82757 0.00206 0.169536 0
Sample 14 PE 4

grass 254 Control Plot 3 | 7.38062 0.00243 0.003236 0
Sample 38 PE 4

shrub 213 Control Plot 1 | 6.26021 | 0.005095 0 0.004902
Sample 5b PE 1

shrub 229 Control Plot 3 | 7.30946 | 0.064143 0.003664 0.036474
Sample 8 PE 6

shrub 197 Control Plot 2 | 8.0182 0.158239 0.01647 0.041457
Sample 38 PE

shrub 187 Control Plot 2 | 5.40772 | 0.001999 9.15E-05 0.176807
Sample 29 PE 5

shrub 188 Control Plot 2 | 4.70922 | 0.000676 0.002921 0.241963
Sample 30 PE 3

shrub 226 Control Plot 3 | 7.80373 0.00078 0.000649 0.132191
Sample 9 PE 7

shrub 228 Control Plot 3 | 7.42997 | 0.004394 0.000833 0.432541
Sample 17 PE 8
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shrub 253 Control Plot 3 | 7.81895 | 0.001999 0.000501 0.034808
Sample 20 PE 5
shrub 227 Control Plot 3 | 8.03699 | 0.001026 0.001262 0.43492
Sample 30 PE 8
shrub 225 Control Plot 3 | 6.05531 0.00289 0.000464 0.167715
Sample 39 PE 7
Control area normalized sediment sampler REE concentrations
Sample Name La Yb Eu Ho
(normalized) | (normalized) | (normalized)
145 Control Sediment 6.768912 | 0.289051 0.034937 0.00107
Sampler 1
146 Control Sediment 7.119543 | 0.204626 0.025392 0.000912
Sampler 2
180 Control Sediment 6.761421 | 0.096008 0.015047 0.000578
Sampler 11
181 Control Sediment 7.297337 | 0.023315 0.001928 0.000474
Sampler 12
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